The Central Asian Kyrgyz highland population provides a unique opportunity to address genetic diversity and understand the genetic mechanisms underlying high-altitude pulmonary hypertension (HAPH). Although a significant fraction of the population is unaffected, there are susceptible individuals who display HAPH in the absence of any lung, cardiac or hematologic disease. We report herein the analysis of the whole-genome sequencing of healthy individuals compared with HAPH patients and other controls (total n = 33). Genome scans reveal selection signals in various regions, encompassing multiple genes from the first whole-genome sequences focusing on HAPH. We show here evidence of three candidate genes MTMR4, TMOD3 and VCAM1 that are functionally associated with well-known molecular and pathophysiological processes and which likely lead to HAPH in this population. These processes are (a) dysfunctional BMP signaling, (b) disrupted tissue repair processes and (c) abnormal endothelial cell function. Whole-genome sequence of well-characterized patients and controls and using multiple statistical tools uncovered novel candidate genes that belong to pathways central to the pathogenesis of HAPH. These studies on high-altitude human populations are pertinent to the understanding of sea level diseases involving hypoxia as a main element of their pathophysiology.
Introduction
Pulmonary hypertension (PH) is a condition with an abnormally high blood pressure in the pulmonary arteries due to arterial resistance to the pulmonary blood flow. This may be due to a variety of causes and combination of factors such as endothelial dysfunction, vasoconstriction of small pulmonary arteries and endothelial and smooth muscle cells proliferation [1] . Clinically, PH is categorized into five groups ranging from idiopathic, familial/heritable, to presenting as a secondary disease, e.g., congenital heart disease with left-to-right shunt, chronic obstructive pulmonary disease, chronic thromboembolic pulmonary disease and chronic exposure to high-altitude (HA) hypoxia or high-altitude PH (HAPH) [1] . Ernst von Romberg, a German physician, described pulmonary vascular sclerosis, as far back as 1891. Despite the recognition of this disorder more than a century ago, some form of PH, e.g., pulmonary arterial hypertension (PAH), has no known cure. The available treatments are only to relieve the symptoms and slow the progress of the disease. Fortunately, through these efforts, the 3-year mortality rate has decreased over the past two decades to < 30% [1] . Additionally, a recent study using These authors contributed equally: Arya Iranmehr, Tsering Stobdan whole-genome sequencing has established the rate of gene mutation to be about 24% of PAH cases [2] providing additional therapeutic targets for the treatment of this disorder.
In countries like the Kyrgyz Republic where 90% of the area is at altitude > 3000 m (Figs. 1a, b ), HAPH is a public health issue [3] . Previous studies on Kyrgyz highlanders have reported 14-20% of the population to have signs of HAPH [3] . This was based on signs of cor pulmonale in HA dwellers with HAPH or mean pulmonary pressures (mPAP) of > 25 mmHg [3] . Remarkably, an additional 21% manifest a > 2-fold increase in mPAP on exposure to acute hypoxia, i.e., 30 min of 11% oxygen breathing [3] even though they had normal resting mPAP of < 25 mmHg (Hyper-responder, HR). This high prevalence rate of HAPH in Kyrgyz highlanders provides an opportunity to understand the biology of susceptibility to HAPH or mal-adaptation to HA.
In general, HA studies provide one of the best natural experiments in humans to study gene vs. environment interactions [4] . As hypoxia is involved in the pathophysiology of many diseases including PH, it also provides a unique opportunity to identify the genes involved in hypoxia regulation, which can be explored for therapeutic purposes. With this insight, numerous studies, including some from our group, were conducted to study human adaptation/mal-adaptation to HA in Ethiopians, Tibetans and Andeans, the three major highland populations [5] [6] [7] [8] [9] . Using whole-genome sequencing, we were able to identify and functionally validate novel genes involved in altitude adaptation in these populations [5-7, 10, 11] . When describing 'adaptation/mal-adaptation to HA' in Kyrgyz highlanders, it is important to distinguish this unique population from the rest of the HA populations, i.e., Ethiopians, Tibetans and Andeans. Studies conducted on the other three HA populations successfully identified different physiological and genetic modes of adaptation, some common across populations [12] and others exclusive to one population [6] . However, very few studies have been conducted on Kyrgyz highlanders where the studies are either focused on single gene/single variant, i.e., Angiotensin-Converting Enzyme Insertion/Deletion polymorphism [3] , or on using whole-exome sequencing [13] . It is important to note that the Kyrgyz population offers a unique advantage for the study of HAPH as compared with other HA populations. For example, the Kyrgyz subjects do not present with any other feature of chronic hypoxia besides HAPH, unlike the Andean population. Indeed, the Andean population, where HAPH was first described [14] , does show other potentially confounding characteristics such as polycythemia, which, in turn, can lead to PH.
In the current study, we wanted to test the hypothesis that, due to genetic selection, healthy Kyrgyz highlanders are biologically protected from developing HAPH. Towards that end, we sequenced and analyzed the whole genome of Kyrgyz highlanders, in a case-control study design, and identified novel genes involved in HAPH. In addition, the candidate genes identified may also be related to PH in general as there is no study ever attempted to identify novel genes for HAPH using whole-genome sequence analysis. 
Materials and methods

Study population
We included volunteers from a Kyrgyz highlander population. All individuals gave informed consent. A detailed phenotypic characterization of the cohort, including right heart catheterization studies are reported elsewhere [3, 15] . In brief, the cohort consisted of four groups, which included (a) HAPH (n = 9), (b) controls (No-HAPH, n = 9) consisting of healthy highlanders that age matched to the HAPH group, (c) HRs (n = 7), consisting of relatively younger individuals showing a significant increase in their pulmonary artery pressure (PAP, mmHg) when exposed to 11% oxygen and (d) normal-responders (NR, n = 9), were the control group (age matched to HR) not hyperresponding to lower oxygen. All the subjects were carefully analyzed by an expert person. The study was approved by an institutional review board.
Library construction and sequencing
Blood sample (10 mL) was collected from each subject for DNA extraction. The whole-genome sequencing was carried out at HLI (Human Longevity Inc., San Diego). Library preparation was carried out using the TruSeq Nano DNA HT kit (Illumina Inc.). Manufacturer's instruction was strictly followed at all steps. Wholegenome sequencing were done at a mean coverage of 40.3× on the Illumina HiSeqX sequencer utilizing a 150 base paired-end single index read format. The additional details of the library construction and the quality control are described in the Supplementary Material. The sequencing data from this study have been submitted to the European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/datasets/) under accession number EGAS00001003171.
Admixture analysis and population structure ADMIXTURE [16] was used to measure the genetic affinity of the Kyrgyz individuals with other major populations from the 1000 Genome Project [17] . To calculate ancestry proportions, we first pooled Kyrgyz samples with individuals from 1000 Genome Project populations, including YRI (Yoruba in Ibadan, Nigeria), CEU (Utah Residents with Northern and Western European Ancestry), PJL (SAS) (Punjabi from Lahore, Pakistan) and JPT (Japanese in Tokyo, Japan). Then we filtered out variants with allele frequency of <0.05 and ran ADMIXTURE program with the parameter K = 3. Additional details on population structure is described in the Supplementary Material.
Selection scan
A detailed explanation on selection scan is provided in the Supplementary Material. Briefly, we computed the test statistics using a sliding window of 50 kb, with steps of 10 kb, over the autosomal genome. D [18] and H [19] statistics were computed on a site frequency spectrum of a 50 kb window and did not require any post-processing. However, in integrated Haplotype Score (iHS), number of segregating sites by length (nSL), population branch statistics (PBS) and (Cross Population Extended Haplotype Homozygosity) (XP-EHH) scans where the statistic was computed for a single variant, we computed the average of the scores for each window. Subsequently, for each method, we took genomewide top 0.1 percentile to be our significance cutoff, and merged overlapping significant windows to obtain distinct set of significant intervals for each scan.
Prioritization of the selected intervals
To prioritize genomic intervals of different lengths and levels of variation, we assigned a P-value to each of the 71 selected intervals, using a case-control style association. We then used false discovery rate (FDR) [20] of 10% to choose a significance cutoff. Under the null model, we expect that allele frequencies of case and control groups to be similar. Additionally, because case and control individuals belong to ethnic and local populations, our null model posits that allele frequencies of the control population is closer to the allele frequencies of the case population than that of the outgroup population, a genetically distant population. We use three populations: case (Healthy), control (Sick) and outgroup (JPT), as defined previously. We use the PBS statistic, which uses the "length" of the case-lineage with F st as a measure of genomic distance [21] .
We used all variants in the selected region to compute F st , defined by Weir et al. [22] . For each selected interval, we computed a windowed PBS statistic and then computed its significance by testing against an empirical null distribution of that interval. We calculated the empirical null distribution by permuting samples of case and control populations (1000 times) and keeping the outgroup population fixed.
Haplotyping and other pre-processing
In order to evaluate iHS, nSL and XP-EHH statistics for the Kyrgyz dataset, we first inferred the phased haplotypes. We used Beagle v4.1 program [23] where a reference panel of EAS population from 1000 Genome Project is provided as an input parameter. We computed the frequency of each haplotype in a population as the statistical mode of the frequencies of the single nucleotide polymorphisms (SNPs) carried by the haplotype. Also, to identify the derived allele, we used the Ensembl Compara 59 database [24] , which has inferred the ancestral allele on six primates.
eQTL analysis
Expression quantitative trait locus (eQTL) for different tissues were obtained from GTEx database [25] . We limited our eQTL analysis to tissues that were in the GTEx data and were directly related to PH. The list of eQTL SNPs with significant P-values (P < 0.05) were obtained for each candidate genes. The sample size for related tissues reported in the current study are Lung (n = 383) and whole blood (n = 369).
Results and discussion
To our knowledge, this is the first whole-genome sequence study performed on a Central Asian population, Kyrgyz highlanders (Figs. 1a, b). Additionally, we used a casecontrol study design, comparing HAPH with healthy controls. The subjects in these cohorts have been very well phenotyped ( Fig. 1c ) and cardiac catheterization has been done on all subjects [3] . As this is a study of only 33 subjects, a question could be asked about a potential bias because the sample size is relatively small. Although largescale association studies of urban populations could potentially provide means for determining genetic architecture of common complex traits, studying of locally adapted ethnic populations can be used to increase statistical power and target less common phenotypes [5, 7, 21, [26] [27] [28] . This paradigm reduces the number of loci for association from millions to tens or thousands of genetic loci. We note that although our sample size is limited, we have access to whole-genome sequence covering all variants (40.3× coverage) to perform selection scan on 66 haplotypes to reduce the number of loci for statistical test for association. By utilizing a pipeline that identifies regions under positive selection through an analysis of all variants in large ( > 50 kb) segments, and an integrated statistical test, we have been successful in the past identifying candidate genes involved in HA adaptations both in Ethiopian and Andean populations and these were subsequently validated [6, 7, 10, 11] . We use a similar approach here, with some modifications (Methods).
Ancestry and population structure of Kyrgyz individuals
To identify the genetic history of the Kyrgyz population and to find a close outgroup population for selection scan, we performed admixture and principal component analysis (PCA). Chromosome-wide admixture analysis of Kyrgyz samples, along with samples from African (YRI, n = 108), European (CEU, n = 99), South Asian (PJL, n = 96) and East Asian (JPT, n = 104) ( Fig. 2a ) demonstrated that Kyrgyz highlanders (KGZ, n = 33) have a strong East Asian component (μ = 0.76, σ = 0.09 for the distribution of the proportion of the East Asian Ancestry in Kyrgyz samples, where μ is mean and σ is standard deviation) along with some European ancestry (μ = 0.24, σ = 0.09 for the distribution of the proportion of the European Ancestry in Kyrgyz samples). As East Asian ancestry is significantly higher in the Kyrgyz samples (two sample Kolmogorov-Smirnov P = 0.00015), we used JPT as reference population in our current study because along with others, we have found that this population was relatively closer to Kyrgyz than the other East Asian reference population, i.e., Han Chinese [29] ( Supplementary Fig. S1 ). The admixture from East and West is consistent with the mitochondrial DNA ancestry analysis of the Kyrgyz highlanders [30] . No sign of shared ancestry was detected with YRI (two sample Kolmogorov-Smirnov P = 3.98E-20). Similar to KGZ, PJL showed European and East Asian ancestry, but with inverse proportions that were relatively inverted (μ = 0.82, μ = 0.18 for European and East Asian ancestry, respectively; Fig. 2a ). Interestingly, despite the prehistoric and historic eastward migrations, the JPT proportion of admixture dominated both the mitochondrial/maternal lineage [30] , as well as the nuclear DNA lineage ( Fig. 2a) .
We then performed PCA on the Kyrgyz sample along with 1000 Genome Project super-populations AFR (n = 661), EAS (n = 504), EUR (n = 503) and SAS (n = 489), and observed that the Kyrgyz individuals were located between EAS and SAS super-populations ( Fig. 2b) . A previous study on the population structure and genetic ancestry of Central Asia, which also included the Kyrgyz population has revealed similar findings [29] . Finally, we tested if there is a population structure within Kyrgyz populations that is correlated with phenotypic groups. To do this, we computed the PCA of the Kyrgyz samples and stratified the PCA projection by four phenotypic groups: No-HAPH, HAPH, HR and NR. As shown in Fig. 2c , the Kyrgyz subgroups do not reveal any significant substructure (one-way analysis of variance P = 0.3, 0.29 for the first and second principal components, respectively).
Selected intervals
We computed six different statistics that captured regions under selection over sliding windows of 50 kbp with steps of 10 kbp over each autosomal genome ( Supplementary  Fig. 2 and Methods). The phased and unphased dataset contain 6,841,212 and 11,703,698 variants, respectively, resulting in 284,906 overlapping 50 kbp windows. For each test statistic, we identified windows that scored in the top 0.1 percentile (~top 285) among all windows. We then merged the identified windows from the six different methods. This resulted in 71 distinct intervals. Next, we computed empirical P-values for each interval (Methods) and used 10% FDR cutoff [20] to identify top intervals (Table 1 ) for further analysis.
The most significant interval, interval-1 (Figs. 3a, b ), located on chromosome 17, contains 147 SNPs with the haplotype extending to 892 kbp. The haplotype frequency difference between the cases and the controls was~60% ( Fig. 3b and Methods). The region contained 10 genes (Table 1, Fig. 3a ). In order to make biological sense of the candidate interval, we performed an extensive literature survey looking for all possible aspects that would connect this interval to HAPH. Accumulating evidence suggests MTMR4 (myotubularin-related protein 4, highlighted in Fig. 3a) as one of the biologically plausible candidate gene of HAPH. It contains tyrosine/dual-specificity phosphatase activity and is known to dephosphorylate SMAD1/2/3 (Mothers Against Decapentaplegic Homolog 1/2/3 (Drosophila)) [31, 32] . Previous studies have shown that transforming growth factor β (TGFβ)/ Smad2/3 signaling is disrupted in a monocrotaline based rodent model of PAH [33] . Similarly, the disruption of bone morphogenetic proteins (BMPs) signaling, also a member of TGFβ superfamily, is a known factor that initiate PH [31] . Studies have also shown that MTMR4 is an essential negative regulator of BMP signaling pathway [32] . Unlike TGFβ/ Smad2/3 signaling, here it binds and dephosphorylates the activated Smad1 to attenuate BMP signaling [31, 32] . This activity was indeed confirmed by overexpressing MTMR4 that led to repressed BMP-induced gene expression, and by MTMR4 specific small interfering RNA enhancing BMP signaling [32] . Therefore, genetic selection involving selective inhibition of this gene would lead to an enhancement of both TGFβ and BMP signaling, which may protect No-HAPH from developing PH under chronic environmental hypoxia. Additionally, the haplotype interval also consists of two missense mutations located in HSF5 (heat shock transcription factor 5, rs3803752 and rs117817367). Not much is reported on HSF5, but being from the HSF family and having transcription factor activity [34] , its role in gene regulation events can be explored. We also performed eQTL analysis for these SNPs with gene expression levels in the tissues related to cardio-respiratory system. Interestingly, a large number of these SNPs, i.e., from interval-1, were identified as eQTLs where the ancestral allele was significantly associated with lower RAD51C levels in the lungs ( Fig. 3c; Supplementary Fig. S3 and Supplementary Table S1 ). A higher frequency of derived allele among the healthy Kyrgyz highlanders can be correlated with a higher RAD51C expression in the lungs. Previous studies have shown that an increased RAD51C expression is associated with lung cancer [35] . Given that immune and inflammatory processes triggered by cancer cells can also lead to PH [36] , it is intriguing to discover a significantly higher frequency of derived alleles in the No-HAPH group as compared with all the other populations (Fig. 3b) .
The second significant interval ( Table 1 and Fig. 4a ) is located on chromosome 15 (position 52007217-52268916, hg19) spanning 315 kbp. It overlays five genes, i.e., SCG3, LYSMD2, TMOD2, TMOD3 and LEO1 ( Fig. 4a and Table 1 ). The haplotype consisted of 61 SNPs differing significantly (P < 0.05) between the No-HAPH and controls (Fig. 4b ). All the SNPs were in the non-coding regions and two SNPs located in the promoter region of TMOD3 (rs11637876 and rs12913583) had CADD's PHRED value of 17.2 and 14.2, respectively. Large number of SNPs, which also included rs11637876 and rs12913583, were identified as eQTLs linked to TMOD3 expression ( Figs. 4c, d ; Supplementary  Fig. S3 ) in specific tissues associated with PH, e.g., whole blood ( Fig. 4c ; P = 5.5e-7), aorta ( Fig. 4d; P = 1.0e-7) .
When we explored the biological significance of this gene in term of HAPH, we found that the expression of TMOD3 is increased in patients with idiopathic PAH [37] . This gene is expressed in the motile endothelial cells where it caps the pointed ends of actin filaments [38] . The capping inversely correlates with endothelial cell migration rates and the overexpression of Tmod3 inhibits cell migration [38] . Keeping in mind the importance of cell migration in tissue repair responses, e.g., vascular repair and regeneration in PH [39] , a higher expression of TMOD3 in the PH patients [37] may be linked to TMOD3-related delay in cell migration for tissue repair process. A complete knockout of this gene in mice is lethal due to embryonic anemia and defects in fetal erythropoiesis [40] and therefore further studies involving tissue-specific differential expression will be needed to specify its role in PH pathogenesis. The involvement of TMOD2, also from the same tropomodulin family, in HAPH is less likely because of its restricted expression in neural tissues [41] .
Other candidate intervals
The third top interval consists of seven genes. Interestingly, SIGLEC11 (sialic acid binding Ig-like lectin 11), which mediates anti-inflammatory and immunosuppressive signaling was previously found to be associated with HAPH [13] . There was also ample evidence that VCAM1 (vascular cell adhesion molecule-1) from "interval 4" (Table 1 ) has a role in HAPH. The gene is a member of the immunoglobulin superfamily and is known to be a marker of endothelial cell inflammation, and mediate adhesion of white blood cells to the endothelium. VCAM1 has three different splice variants and the transcription levels when measured in different cell lines with ENCODE reveals higher expression levels in the Homo sapiens endothelial of umbilical vein primary cell (HUVEC) and Homo sapiens skeletal muscle myoblast primary (HSMM) cells ( Supplementary Fig. S4 ). Interestingly, the H3K4me1 and H3K27Ac tag densities, which often found near regulatory elements are higher only in the HUVEC cells and the peaks also align with few of the selected SNPs ( Supplementary Fig. S4 ). This could indicate differential regulation of the selected SNPs specific to endothelial cells. Higher levels of VCAM1 are associated with renal dysfunction, hepatic impairment and more importantly correlated with the severity of PH in patients with sickle cell disease [42] . The levels were also found high in peripheral blood [43] and lung fibroblasts [44] of patients suffering from idiopathic pulmonary fibrosis. The study also shows that TGF-β1 treatment leads to an increase in VCAM1 levels at transcriptional, as well as protein levels while silencing VCAM1 expression inhibits fibroblast proliferation [44] and the role of PH in idiopathic pulmonary fibrosis etiology is well recognized. Furthermore, its role in allergic lung diseases [45] or in systemic sclerosis [46] , where PAH is the leading cause of death [47] , clearly indicates evidence of a positive selection sweep on genetic variants that would protect the No-HAPH subjects from developing PH. Furthermore, studies in mice with Lipopolysaccharide-induced acute lung injury have clearly shown an upregulation of VCAM1 [48] . Similarly, transcriptome analysis of patients diagnosed with HA pulmonary edema (HAPE), also an acute lung injury, depicts maximum fold change for VCAM1 along with MAPK10 [49] . This upregulation in HAPE patients provides a direct link between VCAM1 and HAPH because PH is a hallmark in patients with HAPE. In-vitro analysis modeling PAH by CypA-induced oxidative stress also revealed increased VCAM1 [50] .
Overall, our analysis of whole-genome sequence clearly indicates that there are multiple genomic regions under selection (Table 1) . This is also supported by a recent whole-exome analysis of the same population where they have identified 33 candidate genes linked to HAPH [13] . Interestingly, only one gene out of these 33 candidates was among the top candidate interval in the current study. These differences could be due to the input data and computational pipelines, which are completely different in the two studies. For example, a stronger genetic selection in the regulatory regions such as promoters and enhancers, which the whole-exome sequencing fails to capture. In our previous studies on selection scan at HA, we observed similar signals, i.e., variants in the non-coding region, which were subsequently validated in different model systems [5-7, 10, 11] . Additionally, because of weaker signals of selection, other genes may not have passed multiple scans of selection and the three-way association filtering criteria that we applied in the current analysis. The genes like DST, SDK1 and OSBPL9 from the previous study were part of our initial gene list but were subsequently dropped out as they failed the subsequent stringent PBS association filter. In order to recapitulate previous findings in our study, we took the specific variants (chromosome position and rsID#) from the previous study [13] and systematically scan all the 33 signals in our current subjects/samples. In all cases (including SIGLEC11), we found that the frequency of heterozygotes was at most 3/33 (Supplementary Table 2 ) and did not meet the criterion established by the previous study [13] . Finally, there were additional known genes located in different intervals where the haplotype frequencies were significantly different between No-HAPH vs HAPH comparisons (Empirical F st , P < 0.05) but not significant when compared with the outgroup population, such as with the gene EDNRB ( Supplementary Fig. S5 ). Even though the difference remains significant (Empirical F st , P < 0.05) when No-HAPH is compared with other major populations, i.e., AFR, EUR and SAS, it is not consistent with our "local adaptation model", i.e., natural selection is specific to the adapted (No-HAPH) population's environment. A simple explanation could be an involvement of other selection pressures on this region in the JPT, totally unrelated to HAPH that may have impacted the genomic structure in this region among JPT to behave in a manner similar to our No-HAPH group.
Conclusions
Our study provides the first whole-genome sequence analysis of a Central Asian population from the Kyrgyz highland and also for HAPH with prospect of identifying novel genes for this disease. Admixture analysis revealed that the Kyrgyz highlanders consisted of both European and East Asian ancestry with an overwhelming contribution from the East Asian gene pool. Evolutionarily, the typical form of HAPH is distinctive to Kyrgyz highlanders and in the current study, we utilized this feature and discover novel genetic markers with a potential to give insight into therapy for PH. From the top candidate genes detected, we raise here three possibilities that may individually or together lead to HAPH in Kyrgyz highlanders. This includes, first, a dysfunctional BMP signaling involving MTMR4 overexpression as an alternate gene regulating BMP signaling. Second, TMOD3-related delayed cell migration for tissue repair process. And third, an abnormal endothelial cell function with elevated VCAM1 (a schema is presented in Supplementary Fig. S6 ). However, despite an unbiased identification approach with ample literature evidence, we cannot rule out the involvement of additional genes or gene interactions in HAPH. Future studies targeting these genes may strengthen our findings and will provide a better understanding of HAPH.
